In high yielding dairy cattle, severe postpartum negative energy status is often associated with 23 metabolic and infectious disorders that negatively affect production, fertility and welfare. 24 Mobilization of adipose tissue associated with a negative energy status is reflected through an 25 increased level of non-esterified fatty acids (NEFA) in the blood plasma. Earlier, identification of a 26 negative energy status through the detection of increased blood plasma NEFA concentration 27 required laborious and stressful blood sampling. More recently there have been attempts to predict 28 blood NEFA concentration from milk samples. This study aimed to develop and validate a model to 29 predict the blood plasma NEFA concentration using milk mid-infrared (MIR) spectra that are 30 routinely measured in the context of milk recording. To this end, blood plasma and milk samples 31 were collected in weeks 2, 3 and 20 post-partum for 192 lactations in 3 different herds. The blood 32 plasma samples were taken in the morning, while representative milk samples were collected during 33 the morning and evening milk session on the same day. To predict the blood plasma NEFA 34 concentration from the milk MIR spectra, partial least squares regression models were trained on 35 part of the observations from the first herd. The models were then thoroughly validated on all other 36 observations of the first herd and on the observations of the two independent herds to explore their 37 robustness and wide applicability. The final model can accurately predict blood plasma NEFA 38 concentrations below 0.6 mmol/L with a root mean square error of prediction (RMSE) of less than 39 0.143 mmol/L. However, for blood plasma with more than 1.2 mmol/L NEFA, the model clearly 40 underestimates the true level. Additionally, it was found that morning blood plasma NEFA levels 41 were predicted with a significantly higher accuracy (p = 0.009) using MIR spectra of evening milk 42 samples compared to morning samples, with RMSEP values of respectively 0.182 and 0.197 43 mmol/L and R² values of 0.613 and 0.502. These results suggest a time delay between variations in 44 blood plasma NEFA and related milk biomarkers. Based on the MIR spectra of evening milk 45 samples, cows at risk for a negative energy status, indicated with detrimental morning blood plasma 46 NEFA levels (> 0.6 mmol/L), could be identified with a sensitivity and specificity of respectively 47 0.831 and 0.800. As this model can be applied to millions of historical and future milk MIR spectra, 48 it opens opportunities for regular metabolic screening and improved resilience phenotyping. 49 Key words: milk mid-infrared spectroscopy, blood plasma non-esterified fatty acid 50 concentration, negative energy status, milk biomarker 51 52 58 To compensate for the energy deficit and maintain high milk production, adipose tissue is 59 mobilized and non-esterified fatty acids (NEFA) are released in the blood. Hence, a blood plasma 60 NEFA concentration above 0.6 mmol/L is generally used as an indicator for negative ES in dairy 61 cattle (Ospina et al., 2010b). These high concentrations of circulating NEFA have a detrimental 62 effect on the oocyte quality and the immune response of dairy cows (Leroy et al., 2005; Scalia et al., 63 2006). In the liver, part of the NEFA are oxidized completely to deliver energy or incompletely to 64 produce ketone bodies (Adewuyi et al., 2005). Another portion of the NEFA is esterified to 65 triglycerides and either stored in the liver or transported as lipoproteins to e.g. the alveolar epithelial 66 cells of the udder tissue to synthetize milk fat. In this way, fatty acids (FA) and ketone bodies 67 derived from the NEFA end up in the produced milk. Previous studies have demonstrated the use of 68 milk biomarkers for monitoring negative ES in individual cows, e.g. through the measurement of 69 certain FA (Van Haelst et al., 2008; Jorjong et al., 2014; Dórea et al., 2017), ketone bodies 70 (Enjalbert et al., 2010), citrate and many more (Bjerre-Harpøth et al., 2012). In contrast to taking 71 blood samples, milk sampling requires less labor and can be done without distressing the animals.
INTRODUCTION
The transition from pregnancy to lactation in high-yielding dairy cows is typically accompanied 54 by a negative energy status (ES) in which the energy requirement exceeds the energy input from 55 feed. As severe negative ES increases the susceptibility to various health and fertility problems 56 (Leblanc, 2010; Ospina et al., 2010a) , the duration and degree of negative ES should be limited 57 through preventive actions in combination with individual monitoring and imperative treatment. and 2977 cm -1 , and between 1684 and 1607 cm -1 , was considered too low due to substantial MIR 150 absorption by the water molecules. The spectral regions above 3660 cm -1 and between 2768 and 151 1800 cm -1 were deleted because they do not contain significant spectral information on relevant 152 milk components (Aernouts et al., 2011; Grelet et al., 2019) . A principal component analysis 153 (PCA) with maximum 20 principal components was used to identify potential outlier spectra. When 154 both the Q residuals and the Hotelling T 2 statistic were above their 99% confidence limits, the 155 spectrum was removed from the analysis (Bro and Smilde, 2014). 156 As blood samples were only taken once per cow per sampling day, while 2 milk samples were 157 collected for respectively the morning and evening milking session of that day and cow, the number 158 of blood NEFA analyses was half of the amount of milk MIR spectra. Accordingly, the same blood 159 NEFA concentration was assigned to both the morning and the evening milk MIR spectrum of the 160 respective cow and day. The combination of a morning milk MIR spectrum together with the 161 respective blood NEFA concentration is further referred to as a morning observation, while the 162 combination of an evening milk MIR spectrum together with the respective blood NEFA 163 concentration is further referred to as an evening observation. The morning and evening observation 164 of the same cow and day thus have the same blood NEFA concentration, while they have different 165 milk MIR spectra. Next, about 60% of the morning and evening observations of herd A were 166 allocated to the calibration set, while the remaining 40% of the observations of herd A and all 167 observations of herds B and C were assigned to the validation set ( Figure 1, step 1) . Moreover, the 168 observations of herd A were split 60/40 by applying the duplex selection method after ordering 169 them on their blood NEFA concentration (Snee, 1977) . This procedure assured that both sets had 170 similar descriptive statistics. Observations for the same cow were treated as a block with all of them 171 either in the calibration or validation set to prevent overoptimistic validation results in case of 172 modeling cow-specific effects (Kemps et al., 2010).
The spectral pre-processing of the MIR spectra was a combination of (1) a logarithmic spectral Table   288 2. The entire calibration and validation set contain respectively 790 and 793 observations and they 289 have a very similar mean, standard deviation and range for the blood NEFA. This table also 290 illustrates the larger variability and range of the blood NEFA levels in herd A compared to herd B 291 and C. Likely, this is the result of the higher number of blood samples being collected and analyzed 292 (n = 658) and cows being monitored (n = 103) in herd A. Additionally, this might also be caused by 293 differences in the genetic background and the management between the herds. The descriptive This is because for some of the blood plasma samples only the respective morning or evening milk 296 MIR spectra were collected and not both (Table 1) . 299 The 790 morning and evening observations of the calibration set were used to build a PLSR 300 model (= full model) that relates the blood NEFA concentrations to the MIR transmittance spectra. 301 The best performance was obtained when the MIR transmittance spectra were pre-processed using a 302 2 nd order Savitzky-Golay derivative with a window length of 7 wavenumber variables, followed by the validation set contains less observations with a very high blood NEFA concentration (Table 2) . 331 In Figure 3b , the predictions based on the evening observations of the validation set (blue crosses) 332 are closer to the identity line compared to the ones based on the morning observations of the same 333 set (red circles). This is the reason why the RMSEP E values are smaller than the RMSEP M values in 334 Figure 3a and it suggests that the blood NEFA concentration in the morning can be predicted more 335 accurately using MIR spectra of milk samples taken in the evening of that day rather than morning 336 milk samples. 337 The prediction errors of the full model for different subsets of the validation set are 338 summarized in Table 3 . The heteroscedastic prediction error of the full model is clearly shown by 339 the increasing RMSEP with increasing blood NEFA range (different horizontal sections of Table 3 The first column of Table 3 375 presents the RMSEP values for all the observations of the validation set in each of the 4 specified 376 blood NEFA ranges. 377 In the complete range, the full model performs significantly better than the morning and the 378 evening model, while there is no significant difference between the morning and the evening model. 379 The full and evening models are not significantly different for the observations of the validation set 380 in the low blood NEFA range, while they are both significantly better compared to the morning 381 model. On the other hand, for the observations in the middle and high range, the morning model is 382 significantly better than the full model, while the latter is better than the evening model. 383 For the low, middle and high blood NEFA range, the same trends are reflected in the different 384 subsets of the validation set where the observations are split up per herd and/or milking time (Table   385 3, columns 2 to 9). For the complete blood NEFA range, the full model is significantly better 386 compared to the evening model for all validation subsets with only morning observations, while it is 387 significantly better compared to the morning model for all the subsets with evening observations. 388 Additionally, it was found that the blood NEFA concentrations predicted with the morning model comparison. This analysis mainly points out that the prediction errors for the middle and high blood 408 NEFA range are significantly higher compared to the complete and low range, but that the absolute 409 levels of these errors depend on the model, the farm and the milking time.
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Calibration on MIR Spectra of Morning and Evening Milk Samples (Full Model)
410 Table 3 can also be used to study the difference in prediction error when 1 of the 3 models is 411 applied on the different herds, or on either morning or evening observations. (Figure 3b ). It might be interesting for future research to 468 study these dynamics more in detail by measuring the blood NEFA level at a frequent interval and investigating the link with the MIR spectra of morning and evening milk samples on that day and 470 the days after. 471 The fact that the morning blood NEFA concentration can be predicted more accurately when 472 the full model is applied on MIR spectra of evening milk rather than morning milk suggests that the from milk MIR spectra and accordingly studied the relation between the predicted milk FA and the 509 blood NEFA concentration. It was found that C18:1 cis-9 and the sum of C18:1 FA in milk had the 510 highest correlation (r = 0.73) with blood NEFA, confirming our hypothesis. 511 The predicted versus measured scatterplot in Figure 3b , as well as the RMSEP values in Table   512 3, clearly show that the accuracy of the prediction of the blood NEFA from milk MIR spectra is 
